Phenotype-based functional genomic methods are useful for the identification of genes that are related to a particular biological function or disease. Essential to this approach is the ability to regulate the expression of selected genes. Artificial transcription factors (ATFs) are key molecular tools that selectively regulate gene expression in vivo. Here, we use an ATF library to identify genes that participate in rendering a cell resistant to the drug Taxol, a potent anti-cancer drug that binds to tubulin and inhibits cell division. The library, which encodes ATFs that activate (rather than inhibit) transcription, was introduced into a HeLa cell line, and Taxol-resistant cells were selected. After eight rounds of selection, we identified two ATFs that significantly increased the level of Taxol resistance (TR) in HeLa cells. Gene expression microarray experiments using these ATFs identified 37 co-regulated genes, including genes already known to participate in TR. This study demonstrates that ATF libraries can be used to induce phenotypic alterations in eukaryotic cells and then identify specific genes that are associated with the phenotype of choice.
INTRODUCTION
Now that the human genome and those of many other organisms have been sequenced, the next goal is to annotate the products of the thousands, to tens of thousands of newly identified genes. Various phenotype-based functional genomic approaches have been developed and are currently being used to identify the functions of previously uncharacterized genes (1) (2) (3) (4) (5) (6) . Such methods employ libraries that encode molecular tools that alter gene expression, which can give rise to phenotypic changes. After transfection into cells, the components of the libraries are expressed randomly in individual cells, and each perturbs the expression of one or a small subset of genes. One then selects for a phenotype of interest, such as reporter gene expression (7) , cellular morphology (8) , cell invasion (9) or a change in cellular growth rate (1) . Finally, the identity of the molecular tool that induced the phenotype of interest is revealed, and this information is used to determine the genes that are responsible for the selected phenotype.
Various kinds of molecular libraries have been used to screen for phenotypes of interest in mammalian cells. Examples include libraries of small molecules (4), cDNAs (5), antisense RNAs (3), ribozymes (2, 10) , small inhibitory RNAs (siRNAs) (1), peptides (6) and artificial transcription factors (ATFs) (8, 11) . Although most of these molecular libraries contain or encode molecules that either up-or down-regulate the activity of target gene products, ATFs can both activate and inhibit target gene expression, which generates a broader range of phenotypic patterns.
Zinc-finger-containing proteins represent a large and diverse class of transcriptional regulatory proteins. One common type of zinc finger is the Cys 2 His 2 finger. Each zinc finger consists of 30 amino acids, which usually binds to 3 bp of DNA in a sequence-specific manner. Because of the modular nature of zinc fingers, ATFs can be constructed by fusing three or four zinc fingers together to form multi-finger proteins that recognize specific 9 or 12 bp DNA sequences, respectively (12) (13) (14) . The fused zinc finger domains (ZFDs) can serve as gene-specific transcriptional repressors on their own, or can be joined with a transcriptional activation or repression domain to form a gene-specific transcriptional activator or repressor protein (ATFs). These ATFs enable researchers to modulate, at will, the transcription of a gene of interest (15) (16) (17) (18) (19) . Several studies have shown that the artificial zinc-finger-containing transcription factors can regulate the expression of a variety of genes, such as VEGF (15, 16) and PPARg (17) , in mammalian cells and other selected genes in plant (18) and bacterial (19) cells. Recently, we and others have shown that transfection of cells with randomized ATF libraries is an effective method for inducing phenotypes of interest, such as resistance to heat shock, osmotic shock or a toxic chemical in yeast, and cell differentiation or proliferation in mammalian cells (8, 11) . After screening for cells that display the phenotype of interest, the specific ATF that induced the phenotype can be determined. Then, if the genome of the organism of interest has been sequenced, the selected ATFs can be used to identify the genes that give rise to a specific phenotype (8) .
Taxol, a brand name of paclitaxel, is one of the most prescribed chemotherapeutic agents (20) . Although it is widely used to treat breast, non-small cell lung and ovarian cancers, the development of drug resistance is a major problem in Taxol chemotherapy. Over-expression or mutation of b-tubulin (21) and over-expression of P-glycoprotein [P-gp, ABCB1 (22) ], which is encoded by the multiple-drug-resistance 1 (MDR1) gene, have been linked to the acquisition of Taxol resistance (TR). Lamendola et al. (23) identified genes associated with TR by comparing the genome-wide gene expression profiles of Taxol-resistant and control cell lines.
Another recently described approach used a peptide librarybased functional genomic screen to generate Taxol-resistant cells. They then carried out a yeast two-hybrid screen to identify protein targets whose inhibition leads to TR (6) . The drawback of the peptide library-based approach and potentially of other molecular tool-based screens is that in most cases, the molecular tool acts as an inhibitor of gene expression. It is plausible that the optimal targets of drugs that battle TR will be genes that are up-regulated when cells become resistant to Taxol.
Thus, to identify genes that are up-regulated by TR, we used a library that encodes zinc-finger-based artificial transcriptional activator proteins to generate Taxol-resistant cells. A recent report that involved transient transfection of a randomized ribozyme library into HeLa cells has been used successfully to isolate ribozymes that make cells resistant to FAS-mediated apoptosis (10) . Therefore, we also transiently transfected HeLa cells with the zinc finger library and screened for ATFs inducing TR. We then used the selected ATFs and genome-scale gene expression profiles to identify the genes involved in inducing the Taxol-resistant phenotype. Drugs that inhibit the expression of these genes may be useful for blocking the development of TR.
MATERIALS AND METHODS

Construction of plasmids and an ATF library
We used 25 distinct ZFDs to construct a plasmid library that encodes ATFs each of which contain four ZFDs fused to the p65 transcriptional activation domain (NCBI accession number NP_068810; amino acids 275-535) as reported previously (24) .
To confirm that the TR induced by transfection of the TR17-p65 ATF was caused by the binding of TR17-p65 to DNA, the ZFDs of TR17-p65 were mutated to change critical arginines in the two RDNQ ZFDs to alanines. A sequential PCR protocol that introduced a point mutation in TR17-p65 was carried out (25) with a pair of oligomers that contained the specified mutation (ZFP17mut-F: 5 0 -TAAGCGCTTCATGGCATCC-GACAACCTGAC-3 0 and ZFP17mut-R: 5 0 -GTCAGGTTGT-CGGATGCCATGAAGCGCTTA-3 0 ).
Screening for ATFs that induce TR in HeLa cells
The procedure for screening HeLa cells for TR is shown in Figure 1 . HeLa cells were grown in DMEM supplemented with 10% fetal bovine serum and antibiotics, at 37 C, in a humidified atmosphere containing 95% air and 5% CO 2 . HeLa cells (1 · 10 6 ) were seeded onto a 100 mm plate, incubated for 1 day under the above conditions, and then transfected with ATF library DNA (4 mg) using Lipofectamine Plus reagent (Invitrogen) according to the manufacturer's protocol. After 1 day of incubation under the above conditions, one-third of the transfected HeLa cells were transferred onto a new 100 mm plate and incubated for one more day. After treatment with Taxol (Sigma, Co.) (100 nM) for 48 h, the cells that survived the treatment were harvested, and their DNA was isolated using a G-spin kit (Intron, Co., Korea). The DNA from these cells was used to transform Escherichia coli for amplification of the ATF-encoding plasmids. The amplified ATFencoding plasmids were used to re-transfect HeLa cells. The Colonies of cells that survived the Taxol treatment were pooled, and genomic DNA was isolated and used to transform E.coli for plasmid amplification. A selected ATF library was prepared from a pool of E.coli transformants and used again for HeLa cell transfection. The whole procedure was repeated eight times, and two ATFs were finally isolated from individual E.coli transformants. (b) Conditions of Taxol treatment for each selection cycle. To maximize the effect of the screening, Taxol concentrations and exposure times were increased as the cycles proceeded.
same selection procedure was repeated eight times under increasingly stringent conditions (Figure 1b) . After the eighth selection cycle, the ATF-encoding plasmids were harvested from HeLa cells that had survived the selection and amplified in and isolated from E.coli transformants, and the ATFs were identified by nucleic acid sequencing. These ATFs were then tested for their ability to induce TR in HeLa cells.
Confirmation of the ability of the selected ATFs to induce TR Using the protocol described above, HeLa cells (2 · 10 5 ) were seeded into each well of a 12-well plate and then were transfected with either 500 ng of one of the purified ATF-encoding plasmids or an empty plasmid vector and 200 ng of the lacZ reporter plasmid pcDNA3.1/His/LacZ (Invitrogen). The transfected HeLa cells were then treated with Taxol at 100 nM for 48 h. Following the Taxol treatment, the cells were washed once with phosphate-buffered saline, stained to detect lacZ activity (to differentiate transfected cells from untransfected ones) and photographed. The b-galactosidase (lacZ ) positive cells were then counted, and the survival rate was calculated using the following formula: Gene expression microarray experiments using cells rendered Taxol-resistant by transfected ATFs
Microarray chips containing 17 000 human expressed sequence tag (EST) cDNAs were purchased from Genomic Tree, Inc. (Daejeon, South Korea). HeLa cells were transfected with one of two TR-inducing ATFs (TR 17-p65 or TR 216-p65) or an empty control vector (pLFD-p65) and incubated at 37 C for 24 h in the absence of Taxol. Total RNA was then prepared from each cell population using Trizol reagent (Invitrogen) according to the manufacturer's protocol. RNA isolated from the empty vector sample was used as the reference sample (labeled with Cy3, a fluorescent dye), and RNAs from cells with TR17-p65-or TR216-p65-containing vectors constituted the experimental (labeled with Cy5, a fluorescent dye) samples. Gene expression microarray experiments were performed and analyzed according to the protocol of the chip manufacturer (Genomic Tree, Inc., South Korea).
RESULTS AND DISCUSSION
Screening and selection of ATFs that induce TR in HeLa cells
Previously, we performed well-by-well transfection of cells with ATF libraries in 96-well plates to screen for desired phenotypes, such as cellular differentiation or change of cell growth rate (8) . To develop a more efficient and largescale screening process, we attempted to perform a batch screen. In a recent report, Kawasaki et al. (10) , transiently transfected a batch of cells with ribozyme libraries and then selected for surviving clones that were resistant to Fas-mediated apoptosis. Because a transient transfectionbased batch screen is more efficient than stable or well-bywell transfection or retrovirus-mediated colony formation, we decided to deliver our ATF library into HeLa cells via transient batch transfection. Figure 1a shows a scheme of this screening procedure. HeLa cells were transiently transfected with an ATF library, and cells that survived Taxol treatment were pooled and subjected to subsequent longer treatments with higher concentrations of Taxol (Figure 1b) . When HeLa cells were treated with 200 nM Taxol, >99% died within 48 h of incubation. After completion of five selection cycles, DNA from a pool of Taxol-resistant cells was used to transform E.coli, and ATF-encoding plasmids were isolated, both individually and as a pool, from the transformed cells. The DNA pool was tested for its ability to induce TR in fresh HeLa cells, but little difference was observed when these cells were compared with cells that had been transformed with an empty vector. In addition, we analyzed the plasmids for enrichment of target sequences deduced from individual zinc finger proteins, but no enrichment was observed. The reason why five cycles were not enough to yield an enrichment of plasmids of interest might be because a single transfected cell can contain tens of thousands of plasmids (26) . Thus, the enrichment achieved in a single cycle is small compared to other selection screening methods, such as SELEX. Therefore, we carried out three more selection cycles and repeated the procedures mentioned above. This time, we observed positive results with a pool of plasmids both in the TR assays and in analysis for enrichment of target sequences. We then tested plasmids that were selected twice from randomly picked E.coli colonies after completion of the eighth cycle. From more than 100 individual plasmids sequenced, six identical pairs of ZFP plasmids were obtained. Among them, one pair was disregarded because the ZFP gene had undergone recombination. We tested the five other pairs for TR and observed positive results after individual transfection. We also tested the TR-promoting ability of several ZFP plasmids that were selected only once from randomly picked E.coli colonies after completion of the eighth cycle and found one ZFP positive vector.
Two ATFs, TR17-p65 and TR216-p65, were finally selected because they exhibited the highest level of resistance to Taxol when compared to the vector control (Figure 2) , and the identities of these two ATFs were determined by nucleic acid sequencing of the plasmid inserts (Table 1) . To assess the ability of the TR17-p65 ATF to induce TR in HeLa cells, the TR17-p65-encoding DNA was mutated in such a way that the TR17 ATF was unable to bind to its target DNA sequence (the arginines in the two RNDQ fingers, which are critical for DNA binding, were changed to alanine, yielding mTR17). In addition, the p65 transcriptional activation domain was removed from TR17-p65, resulting in the TR17-no FD protein. Cells transfected with either mTR17-p65 or TR17-no FD showed a level of Taxol sensitivity similar to that of cells transfected with the vector control (Figure 3) . These experiments confirmed that the induction of TR by TR17-p65 resulted from the protein's ability to activate transcription of a target gene(s) that contained the appropriate DNA-binding sequences.
One must keep in mind that the target gene(s) that were activated by TR17-p65 and TR216-p65 might not be the direct regulators of the TR phenotype; it is possible that these ATFs induced the expression of gene products that, in turn, modulated the expression of other genes that conferred TR, as shown in the case of ketoconazole resistance in yeast cells (8) .
Genome-scale gene expression profile of Taxol-resistant cells
To identify genes whose expression is associated with TR, genome-scale gene expression experiments using cDNA microarrays were performed with RNA prepared from HeLa cells transfected with each of two TR-inducing ATFs (TR17-p65 or TR216-p65) or an empty control vector (pLFDp65). We looked for genes whose expression was co-activated by both ATFs. Cells that expressed TR17-p65 and TR216-p65 showed a >2-fold increase in the expression of 187 and 152 of the 17 000 EST clones, respectively, compared to control cells. When we compared the expression profiles of the two ATFs, we found that the expression of 37 genes were co-activated >2-fold by both TR17-p65 and TR216-p65 ( Table 2) .
Some of the up-regulated genes were easily recognized as encoding gene products that are directly involved in the TR mechanism. One of them was the cytochrome P450 3A5 gene (R92425, Table 2 ), which encodes an enzyme previously shown to metabolize and detoxify Taxol (27, 28) . It has been reported that expression of the cytochrome P450 3A family members are induced by Taxol (29) . Another gene we identified that appears to play a role in the TR mechanism was the Aurora/Ipl1-related kinase 3 gene (AA421265, also called Aurora-C kinase). The Aurora kinase family contains three highly conserved members, A, B and C (30) . A recent report has shown that the over-expression of Aurora-A kinase results in TR by overriding the mitotic spindle assembly checkpoint (31) . Therefore, the Aurora-C kinase might also be involved in TR by a similar mechanism.
The functions of the remaining expression-enhanced genes in the TR mechanism are at present unclear. However, the fact that our screen identified genes known to be related to TR suggests that at least some of these remaining genes might also contribute to TR, either directly or indirectly.
Previous studies reported that the b-tubulin and P-gp genes are over-expressed in some Taxol-resistant cells, and forced over-expression of these genes in cells results in TR (21, 22) . Xu et al. (6) have screened a peptide library in HeLa cells to isolate a peptide(s) that induce TR and found peptide RGP8.5.1, which was suggested to induce the over-expression of P-gp (ABCB-1) by inhibiting proteasome-mediated protein degradation. However, in both TR17-p65-and TR216-p65-expressing HeLa cells, the expression levels of both b-tubulin and P-gp were maintained at a level similar to that of control cells. It is likely that the two ATFs selected in our screen achieve TR by a novel mechanism or via genetic pathways that do not involve in b-tubulin or P-gp. It is intriguing that two seemingly independent TR mechanisms, Taxol detoxification mediated by cytochrome P450 and overriding of the microtubule assembly checkpoint by an Aurora-related kinase, were both induced by the two ATFs selected in our screen. An interesting interpretation of this observation is that different cellular mechanisms or pathways that confer TR are co-regulated rather than individually regulated. However, at this point, we cannot discard the possibility that the two ATFs just happen to target multiple, unrelated TR pathways. Future studies will aim at resolving this issue.
A recent study by Kang et al. (32) using oligonucleotide microarrays identified genes that are differentially expressed in acquired cisplatin-resistant gastric cancer cells. While direct comparison between our data and their data may not be feasible, because different anticancer drugs and cell lines were used, we found that the gene encoding insulin-like growth factor binding protein-6 (IGFBP-6) was up-regulated in both the cisplatin-resistant gastric cancer cells in their study (32) and the Taxol-resistant HeLa cells in our study. Thus, comparison studies using resistant cell lines induced by drug treatment and those induced by ATFs will be beneficial in pinpointing direct mechanisms of drug resistance.
Library-based approaches with ribozymes or random peptides have widely been used to discover genes or biological pathways responsible for a variety of cellular phenotypes, many of which are relevant to disease progression. However, most of these approaches uncover only genes whose loss-offunction results in the desired phenotype. In many cases, however, genes or pathways give rise to particular phenotypes when their expression or activity is up-regulated. To identify genes or pathways in this class, a phenotype-based approach that can randomly up-regulate a subset of genes is needed. cDNA library screening is one approach (5). However, this method requires the transfection of individual (preferably fulllength) cDNA clones, which is a time-consuming and laborintensive process.
Compared to the methods described above, a random ATF library has several advantages. First, an ATF library can be constructed with transcriptional activators as well as repressors. Second, ATFs can change the expression level of target genes subtly depending on the binding affinities of the ATFs for target DNAs. Third, the same ATF library can be used in a wide range of organisms, such as yeast, plants and mammalian cells. 
